Summary -Two burrowing nematode populations from Colombia were characterised using morphological, morphometric and molecular criteria. The morphological and morphometric characters of the two populations did not differ from those of Radopholus similis. The phylogenetic analysis based on sequence comparison of 18S, D2D3 regions of these populations with those of Radopholus sp., R. similis and other Tylenchomorpha from GenBank confirmed the close molecular relationship between the genus Radopholus and the Hoplolaimidae. The consensus tree based on the comparison of ITS1-5.8-ITS2 rDNA sequences of the Colombian populations with R. similis (many sources), R. arabocoffeae and R. duriophilus from GenBank grouped the Colombian populations in a clade which also included R. similis from different localities. Other R. similis populations grouped in separated clades, which were closely related to the clade containing R. arabocoffeae and R. duriophilus. The high genetic variability among the R. similis populations was observed and confirmed by the high ITS1-5.8-ITS2 sequence divergence within the R. similis populations studied (5.4%) which was comparable to the divergence (4.2-6.9%) between the Radopholus species included in the analysis. These findings and the unresolved phylogenetic placement of R. arabocoffeae and R. duriophilus among R. similis suggests that the burrowing nematode could be a species complex. Limited information on the variability of the 18S and D2D3 region gives an indication of their possible value, besides ITS1-5.8-ITS, as molecular markers within Radopholus. No complete and comprehensible relation was found between the phylogenetic position of the Radopholus populations and their geographical origin or host.
The genus Radopholus Thorne, 1949 comprises 51 nominal species, but only 50% of the species are considered as valid (Colbran, 1970; Ryss & Wouts, 1997; Siddiqi, 2000; Ryss, 2003) . Thorne (1949) included this genus in the family Pratylenchidae Thorne, 1949 . This taxonomical decision was accepted by the majority of nematode taxonomists. However, recent phylogenetic analyses placed Radopholus sister to the Hoplolaimidae (Subbotin et al., 2006; Bert et al., 2008; Holterman et al., 2009) . The burrowing nematode, R. similis (Cobb, 1893) (O 'Bannon, 1977; . Trade in burrowing nematode-infected banana rhizomes has spread R. similis from its area of origin, the Australasian region, into all banana-growing areas in the world, including Africa and the Americas, with the consequent selection of new pathotypes (Marin et al., 1998; . Recent studies have shown that new species of this genus have also evolved in the Indo-Malayan region where two new species have been described in recent years, R. arabocoffeae Trinh et al., 2004 and R. duriophilus Nguyen et al., 2003 , both collected in Vietnam. The two new species are closely related to R. similis, but their phylogenetic relationship requires further elucidation. A study was conducted with the aim: i) to characterise two plantain burrowing nematode populations from Colombia using morphological, morphometric and molecular criteria; ii) to confirm the position of the Colombian populations sister to the Hoplolaimidae by comparing their D2D3 LSU rDNA and 18S SSU rDNA sequences with those of Tylenchomorpha genera and species from GenBank; iii) to explore D2D3 and 18S rDNA sequences as valuable molecular markers within Radopholus; and iv) to analyse the phylogenetic relationship of the two burrowing nematode populations from Colombia with selected R. similis populations, R. arabocoffeae and R. duriophilus, focusing on comparison of their ITS rDNA sequences and those available in GenBank.
Materials and methods

MORPHOLOGICAL CHARACTERISATION
Burrowing nematode-infested root and soil samples of plantain (Musa AAB, cv. Dominico hartón) were collected in fields from two localities in Colombia: Arauca (Los Llanos Orientales Region) and Carepa (Urabá Region) situated in the east and north-west of Colombia, respectively. Nematodes were extracted from soil and blender macerated roots by the Cobb decanting and sieving method (Cobb, 1917) . Nematode specimens for light microscopy observations were collected with the aid of a stereomicroscope, placed in an embryo dish, killed and fixed in hot aqueous 4% formaldehyde + 1% glycerin and processed to anhydrous glycerin following the glycerinethanol method (De Grisse, 1969) . Measurements were made with a camera lucida on an Olympus BX 51 DIC microscope (Olympus, Tokyo, Japan).
MOLECULAR CHARACTERISATION
Five burrowing nematode specimens from each plantain field population (Los Llanos and Urabá) were included (i.e., ten specimens in total) for amplification and sequencing of each of the following regions: i) SSU rDNA (18S); ii) the IT1-5.8-ITS2 region; and iii) the D2D3 expansion region of LSU rDNA (28S). All molecular analyses started from single individuals. Although, the DNA was extracted from a total of ten specimens only the D2D3 region results were successful for all ten. For molecular analysis of the 18S and ITS1-5.8-ITS2 regions, results were only obtained from eight and five nematodes, respectively.
Single nematode specimens were transferred into 25 μl worm lysis buffer (50 mM KCl; 10 mM Tris pH 8.3; 2.5 mM MgCl 2 ; 0.45% NP 40 (Tergitol Sigma); 0.45% Tween 20; 60 μg ml −1 proteinase K), cut into pieces and transferred into a 0.5 ml tube. The tubes were incubated at 80
• C (10 min), 65
• C (1 h) and 95
• C (10 min) consecutively. After centrifugation (1 min at 16 000 g), 5 μl of the DNA suspension was added to the PCR mixture (Taq DNA polymerase, Qiagen, Hilden, Germany) with the forward D2A (5 -ACAAGTACCGTGAGGGAAAGTTG-3 ) and reverse D3B (3 -TCCTCGGAAGGAACCAGCTA-CTA-3 ) primers for the D2D3 region (Koekemoer et al., 1999; Subbotin et al., 2006) ; G18S4 (5 -GCT TGT CTC AAA GAT TAA GCC-3 ) and 18P (5 -TGA TCC WMC RGC AGG TTC AC-3 ) primers for the 18S region (Blaxter et al., 1998) or Vrain2F (5 -CTTTGTACACACCG-CCCGTCGCT-3 ) and Vrain2R (5 -TTTCACTCGCCG-TTACTAAGGGAATC-3 ) for the spacer region (Vrain et al., 1992 ; modified by Elbadri et al., 2002) . The PCR conditions were 30 s at 94
• C, 30 s at 54 • C and 1 min (D2D3, ITS) or 2 min (18S) at 72
• C for 40 cycles. Sequencing was performed using an Applied Biosystems ABI 3130XL Genetic Analyser. The PCR product was treated with shrimp alkaline phosphatase (1 U μl −1 , Amersham E70092Y) and exonuclease I (20 U μl −1 , Epicentre Technologies X40505K) for 15 min at 37
• C, followed by 15 min at 80
• C to inactivate the enzymes. This material was then used for cycle sequencing without any further purification using the ABI Prism BigDye V 3.1 Terminator Cycle Sequencing kit. The sequencing conditions were 30 s (Blaxter et al., 1998; Meldal et al., 2007) at 96
• C, 15 s at 50
• C and 1 min at 60
• C for 27 cycles. Primers used for sequencing were the same as those for the PCR of D2D3 and ITS. For 18S, G18S4, 18P, 2FX (5 -GGA AGG GCA CCA CCA GGA GTG G-3 ), 23R (5 -TCT CGC TCG TTA TCG GAA T-3 ), 13R (5 -GGG CAT CAC AGA CCT GTT A-3 ), 23F (5 -ATT CCG ATA ACG AGC GAG A-3 ), 9FX (5 -AAG TCT GGT GCC AGC AGC CGC-3 ), 9R (5 -AGC TGG AAT TAC CGC GGC TG-3 ), 26R (5 -CAT TCT TGG CAA ATG CTT TCG-3 ) and 22R (5 -GCC TGC TGC CTT CCT TGG A-3 ) primers were used for sequencing (Meldal et al., 2007) . Cycle sequence products were precipitated by adding 26 μl of 95% ethanol and 1 μl 3 M sodium acetate, pH 4.6 to each cycle sequencing reaction (10 μl). The samples were kept at room temperature for 15 min and centrifuged at 20 000 g for 15 min. After precipitation, an additional wash of the pellet was performed with 125 μl of 70% ethanol and centrifuged at 20 000 g for 5 min. The pellet was dried in a Speedvac concentrator, redissolved in formamide and run on 50 cm capillaries with POP7 polymer. Sequences were edited and assembled with Seqman 7.0 (DNASTAR Lasergene).
The sequences were deposited in GenBank under the accession numbers GQ281452-GQ281474. For the phylogenetic analyses, additional sequences of Radopholus spp. were obtained from GenBank (see Figs 1, 2) . However, short sequences were discarded in the final analyses after we checked that they did not fundamentally influence our results. Since only a limited number of sequences from LSU and SSU rDNA were available in GenBank, D2D3 and 18S sequences were used especially to determine the phylogenetic position of Radopholus within the Tylenchomorpha and the ITS1-5.8-ITS2 sequences were used to analyse relationships within Radopholus.
The 18S sequences were aligned on the basis of their rRNA secondary structure information with DCSE v2.6 (De Rijk & De Wachter, 1993) and the alignment was refined by folding the sequences of representative samples using the Mfold software (http://www.bioinfo.rpi.edu/) (Zucker, 2003) . The LSU rDNA sequences were aligned without incorporating the secondary structure information using MUSCLE (Edgar, 2004) via http://www.ebi.ac.uk/ Tools/muscle/. The ITS sequences were aligned with Clustal W (Thompson et al., 1994) and manually checked. Differences between sequences were estimated using the DNA distance option provided by BioEdit sequence alignment editor (Hall, 1999) . Bayesian phylogenetic inference (BI) was performed with MrBayes v3.1.2 (Ronquist & Huelsenbeck, 2003) . A general time-reversible model with rate variation across sites and a proportion of invariable sites (GTR + I + G) was used, as estimated by PAUP/MrModeltest 1.0b (Nylander et al., 2004) . Analyses were run for 3 × 10 6 generations and trees were generated using the last 1 000 000 generations well beyond the burn-in value. Maximum parsimony (MP), maximum likelihood (ML) and LogDet-transformed distance analyses were performed using PAUP* 4.0b10 (Swofford, 2002) . ML analyses consisted of a heuristic search with 3000 random sequence addition replicates and Tree Bisection Reconnection (TBR) with the option Multrees. The optimal model of nucleotide substitution for ML was determined in Modeltest 3.6 according to the Akaike Information Criterion (Posada & Crandall, 1998) : a GTR + I + G model. Robustness of the inferred MP, ML and distance trees were tested using non-parametric bootstrapping (Felsenstein, 1985) with 1000 pseudoreplicates for MP and LogDet criteria and 100 pseudoreplicates for ML. For the D2D3 and 18S analyses, only the support values of MP, LogDet and ML are given that are related to the position of Radopholus within the Tylenchomorpha. Likelihood of alternative topologies, i.e., the monophyly of R. similis, R. arabocoffeae and R. duriophilus, was tested against the optimal ML topology using Shimodaira-Hasegawa (SH) tests as implemented in PAUP using RELL optimisation and 1000 bootstrap replicates (Shimodaira & Hasegawa, 1999) .
Results
MORPHOLOGICAL CHARACTERISATION AND RELATIONSHIP OF BURROWING NEMATODE POPULATIONS FROM COLOMBIA
The morphological and morphometric data of 49 females and 17 males from two different Colombian localities largely fitted existing R. similis descriptions (Sher, 1968; Ryss & Wouts, 1997; Valette et al., 1998; Elbadri, 2000) (Table 1) confirming that the two Colombian populations were morphologically congruent with R. similis. No morphometric differences were found between the two Colombian populations except for some minor difference in range (Table 1 ). The range values of stylet length of R. similis from Colombia (Urabá) overlapped with those of R. arabocoffeae (15.9-21.5 vs 14.6-17.2 μm in females and 9-15.3 vs 8.2-11.6 μm in males). Similar stylet length range values for R. similis populations are reported by Elbadri et al. (1999) supporting the weakness of this character for the separation of these two species. Female specimens lacking post-rectal sacs were observed in the Colombian populations and did not differ for this character from R. arabocoffeae. The secretory-excretory pore is located at the level of, or posterior to, the pharyngealintestinal junction as is the case for R. arabocoffeae and R. duriophilus. The bursa in the Colombian populations of R. similis did not always reach the tail tip and was thus similar in many specimens to that of R. arabocoffeae and R. duriophilus. Burrowing nematode males with similar characteristics were also reported by Valette et al. (1998) . Morphological characters valuable for distinguishing between R. similis and R. arabocoffeae and R. duriophilus include shape of the sperm (rod-shaped vs oval-shaped in R. duriophilus) and the lateral field (three incisures terminating at or just behind phasmid vs four incisures terminating far behind position of phasmid in R. arabocoffeae and R. duriophilus). Nevertheless, current findings indicate that R. similis, R. arabocoffeae and R. duriophilus are morphologically closely related species and that some characters used for the morphological separation of R. similis from R. arabocoffeae and R. duriophilus are not always reliable.
Fig. 1. BI 50% majority rule consensus phylogeny of Colombian specimens of Radopholus similis from two localities (Urabá and Los Llanos) and other Tylenchomorpha sequences from GenBank based on D2D3 LSU rDNA data (A) and 18S SSU rDNA data (B). Analysed with a GTR
+ I + G model,
MOLECULAR CHARACTERISATION
D2D3 rDNA and 18S rDNA
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9.2 ± 0.7 9.1± 0.9 7.5± 1.0 7.6± 1.0 -8.0-12.0 8.0-11.5 7.7-10.3 (8.0-11) (7.4-11) (6.1-8.6) (6.7-9.2) Stylet length 18.5 ± 1.1 19.0 ± 0.7 12.8 ± 1.9 13.9 ± 0.8 17. tode populations. The comparison of the D2D3-LSU sequences showed no larger differences between the Urabá population and Los Llanos population than within each of the respective populations. All sequences showed low sequence divergences (0-1.2%) and were similar to all but one of the "Chinese" (exact origin not known) D2D3 sequences (0.2-1% divergence with the Colombian sequences). Only the population from Llanos 4 showed a higher level of divergence (2.2-2.7%), which was similar to that exhibited by a Radopholus sp. DQ328712 (Subbotin et al., 2006) and the "Chinese" R. similis EU555405 with respect to the two Colombian populations (1.6-4%).
The obtained D2D3 alignment represented 741 positions of which 400 were parsimony informative.
Only the second half of the 18S rDNA region from eight burrowing nematode specimens was successfully sequenced (ca 820 bp). All 18S sequences were identical except for the Urabá 4 population which differed by only a single nucleotide. The Colombian specimens differed also only by two nucleotides from R. similis AJ966502 isolated in the UK (Meldal et al., 2007) , but by six nucleotides from Radopholus sp. FJ040398 from Costa Rica (Holterman et al., 2009) .
The short 18S sequences were aligned with nearly complete 18S sequences resulting in 1925 positions. Aligning short and long sequences together is not optimal and the results should be interpreted with caution. However, the second half of the alignment with the Colombian sequences still contained 186 parsimony informative positions.
Analysing the phylogenetic position of Radopholus within Tylenchomorpha ( Fig. 1A: D2D3 ; 1B: 18S) showed that Radopholus formed a maximally supported clade (PP = 100) that has a sister relation with the Hoplolaimidae, including the ectoparasitic Hoplolaiminae and the cyst-forming endoparasitic Heteroderinae, sensu De Ley and Blaxter (2002) . This remarkable sister relation is highly supported according to the Bayesian analyses (PP = 99) and ML 18S analysis (bootstrap value 100), and moderately supported by the other analyses (bootstrap values 53-63). Only the LogDet analyses based on the limited 18S dataset could not confirm the Radopholus-Hoplolaimidae relationship. According to the D2D3 analysis, the Colombian populations and all but one R. similis population from China (EU555405) formed a clade without internal resolution. Based on limited available 18S sequences, the phylogenetic relations between our populations and other Radopholus populations could be resolved. The Colombian populations had a sister relation with R. similis AJ966502. The MP, ML and LogDet results did not contradict the Bayesian analyses (as presented in Fig. 1 ) but the general phylogenetic picture of the Tylenchomorpha (not related to the position of Radopholus) was relatively unresolved and will not be discussed further.
ITS1-5.8-ITS2
PCR of ITS1-5.8-ITS2 amplified a single DNA product of 789-842 bp; three sequences were obtained from Los Llanos and two from Urabá. The alignment of 36 R. similis sequences (most of them from Elbadri et al., 2002) , one R. arabocoffeae sequence and two R. duriophilus sequences comprised 651 positions of which 129 were parsimony informative.
No ITS1-5.8-ITS2 divergence was observed within and between the two Colombian populations, except that Urabá 4 population differed by a single nucleotide (Fig. 2) . A Chinese population recorded from ornamental plants (AY903311) had exactly the same ITS sequence as the Colombian populations. However, the divergence with other R. similis populations was considerable, up to 30 nucleotides (4.6%) when compared to a population from ornamental plants, Calathea makoyana, from Belgium (AF375383; Elbadri et al., 2002) . The maximum intraspecific R. similis ITS divergence was 32 substitutions (5.4%). The interspecific divergence (for the few known species) ranged from 25 substitutions (4.2%; R. arabocoffeae vs R. duriophilus) up to 41 substitutions (6.9%; R. duriophilus vs R. similis).
All analyses resulted in the same tree topology, only the support values were different (Fig. 2) . On the basis of the consensus tree, R. similis from Colombia formed a moderately supported clade (PP = 90) with two populations from China. Other closely related R. similis populations were from banana (Cuba, Uganda, Sudan) and from ornamental plants from Germany and China.
The outcome of our phylogenetic analysis showed no obvious relationship between phylogenetic position and geographical origin or host. Notably, the Sudanese populations, all from the same host (banana) were positioned in different clades and showed a large sequence divergence. Radopholus arabocoffeae and R. duriophilus (the only other two species with ITS sequence information available) appeared to be nested within R. similis (Fig. 2) . However, the early diverging radiations within Radopholus, and thus the position of R. arabocoffeae and R. duriophilus, were weakly supported (e.g., the branch connection for Radopholus from Belgian Calathea plants and Sudanese banana had a PP of 50). This was confirmed by Shimodaira-Hasegawa tests; the hypothesis that R. similis, R. arabocoffeae and R. duriophilus are three monophyletic groups could not be significantly rejected (P = 0.081). Furthermore, R. arabocoffeae (but only one sequence known) and the clade of R. duriophilus were supported by five and ten nucleotide autapomorphies, respectively (Fig. 2) . Only one clade within R. similis was supported by more than one autapomorphy, i.e., the Belgian ornamental (Calathea makoyana) population clade was characterised by three autapomorphies.
Discussion
MORPHOLOGICAL OBSERVATIONS AND
RELATIONSHIPS
The results of the morphological analysis indicated that the two burrowing nematode populations from plantain in Colombia were R. similis. The differential characters for their separation from other Radopholus species do not differ from those reported in the literature by Colbran (1970) , Ryss and Wouts (1997) , Siddiqi (2000) or Ryss (2003) . We would like to emphasise that our observations indicate that the morphological separation of R. similis from R. arabocoffeae and R. duriophilus should rely more on the lateral field and shape of the sperm characters rather than on the shape of the bursa in the male, female and male stylet length and presence or absence of a rectal sac. The corroboration of molecular analysis is also needed.
MOLECULAR ANALYSIS
The sequence comparisons of the 18S, D2D3 and the ITS1-5.8-ITS2 rDNA region clearly grouped all Colombian populations of R. similis as revealed by the phylogenetic analysis and the direct sequence comparisons. The placement of R. similis as sister group of the Hoplolaimidae is in agreement with Subbotin et al. (2006) , Bert et al. (2008) and Holterman et al. (2009) . However, in these studies only a single Radopholus sequence was incorporated in the analysis. Current analysis based on multiple sequences from different genes and from two different populations confirms the remarkable sister relation of Radopholus and Hoplolaimidae. Recently, it was also found that the endoglucanases (plant cell wall modifying enzymes) of R. similis are more similar to those of cyst nematodes than to those of Pratylenchus spp. (Kyndt et al., 2008) .
The majority of R. similis sequences available to date are from the ITS1-5.8-ITS2 rDNA region. The very low intra-population variation as shown in the current study vs the high inter-population variation of this marker confirms its value to analyse Radopholus populations. Since only very few sequences of Radopholus spp. have been reported from D2D3 and 18S (from 50 nominal Radopholus species described, only ITS sequences from three different species are available in GenBank), the value of these regions for phylogenetic analysis is not yet obvious. Nevertheless, limited data on D2D3 and 18S also indicated variability of other regions than the ITS rDNA region between R. similis populations. This is a remarkable difference with the studies of Opperman (1997, 2000) and who reported a high degree of genomic conservation within R. similis mainly based on ITS1 and D2D3 data. However, the homogeneity reported for 55 R. similis isolates is based on ITS1 sequences, while the parsimony-informative substitutions are mainly present in the ITS2 sequences (see also Elbadri et al., 2002) . The difference in the observed variability of the analysed D2D3 sequences cannot be readily explained by the differential origin or slightly different methodology (DNA extracted from single individuals vs from ca 1000 nematodes). Genetic diversity among R. similis is also in agreement with Fallas et al. (1996) who observed two genetic groups within R. similis in Africa based upon RAPD and isozyme analyses (lactate dehydrogenase).
The observed 18S sequence heterogeneity, based on very limited data, resulted in resolved phylogenetic relations between our populations and other Radopholus populations (Fig. 1) . However, currently, mostly rDNA D2D3 sequences have been used to separate groups of nematodes at species level that are closely related to R. similis, such as the Hoplolaimidae (e.g., Subbotin et al., 2007; Vovlas et al., 2008) and cyst nematodes (Helder et al., 2008) . Most likely, sequences from both rDNA regions will also be informative on the Radopholus species complex question.
The absence of a complete and comprehensible relationship between the phylogenetic position of the Radopholus populations and its geographical origin or host is not unexpected. The worldwide distribution of R. similis is relatively recent, beginning early in the 19th century, and is due to the transfer of infected plant material from Southeast Asia to many countries. Remarkably, the populations analysed by Elbadri (2000) and Elbadri et al. (2002) from Sudan (Kassala locality), Uganda and Cuba, and sharing a clade with the Colombian populations in the phylogenetic tree, were found to be the most pathogenic populations towards banana among all the populations tested by these authors. A certain relationship between ITS sequence and virulence on host agrees with the results obtained by Pastrick et al. (1995) ; Li et al. (1996) ; Blok et al. (1997) ; Thiéry et al. (1997) and Elbadri et al. (2002) who were able to separate populations of other nematode species with similar virulence using RAPD primers.
Several arguments suggest that "R. similis" could be a species complex: i) the high ITS1-5.8-ITS sequence divergence within R. similis -up to 5.4 vs 1.8% between two different Meloidogyne species (Elbadri et al., 2002) ; ii) the unresolved phylogenetic placement of R. arabocoffeae and P. duriophilus in relation to R. similis; iii) an interspecific ITS divergence (4.2-6.9%) comparable to that of R. similis intraspecific divergence; and iv) a R. similis clade (Calathea plants from Belgium) that is characterised by three nucleotide autapomorphies. However, Elbadri et al. (2002) do not support the translation of high Radopholus ITS differences into taxonomic segregation because of: i) the absence of morphological correlates for such a division (see also Elbadri et al., 1999) ; ii) no fully consistent relation of virulence and molecular relationship; iii) no consistent pattern of sequence divergence and phylogenetic clades (i.e., also a high divergence within a clade); and because iv) micro-heterogeneity could reflect genetic exchange between Radopholus isolates (see also Hugall et al., 1999) . Our results on R. similis of Colombia do not refute these arguments. Nevertheless, despite the presence of several autapomorphic characters in R. arabocoffeae and R. duriophilus, their phylogenetic placement in relation to the whole spectrum of R. similis populations is not yet clear. Additional molecular information by obtaining sequences of the D2D3 and 18S regions of burrowing nematode populations recognised as R. similis sensu and other Radopholus species should bring more insight into this complex but intriguing subject.
